The kinetic analysis method using the non-isothermal technique was proposed to determine the kinetic parameters for the transesterification reaction of waste vegetable oil (WVO) in supercritical alcohols. To investigate the transesterification of WVO, experiments have been carried out with WVO and alcohols at three molar ratios of 1:6, 1:12 and 1:18 for both supercritical ethanol (SCE) and supercritical methanol (SCM) at temperatures between 210 °C and 350 °C in a 25 mL batch reactor. The products were analyzed by gas chromatography mass spectrometry (GC-MS). To verify the effectiveness of the proposed kinetic analysis method, the experimental values were compared with the values calculated using the kinetic parameters obtained from this work. It was found that the proposed kinetic analysis method gave reliable kinetic parameters for the transesterification of WVO in supercritical alcohols. It was also seen that SCM was a better solvent than SCE for the transesterification of WVO.
Introduction
Due to the potential depletion of petroleum and environmental concerns about air pollution caused by the combustion of fossil fuels, alternative fuels have received much attention. Alternative fuels have OPEN ACCESS the potential to solve the depletion problem of petroleum sources and concerns from air pollution and global warming to other environmental and sustainability issues [1] . Many researchers have studied biodiesel as a renewable energy resource [2] [3] [4] . Biodiesel, an alternative liquid fuel, is produced by transesterification reactions from various biological sources such as vegetable oil and animal fats [5, 6] . Biodiesel has properties similar to those of diesel oil [7] , and it can be used directly in diesel engines without modifications or after blending with petroleum products to achieve similar performance [8, 9] . Further, biodiesel emits less CO, SO x , and unburned hydrocarbons [3, 4] . Transesterification is the chemical reaction between triglycerides and alcohol to produce monoesters. During transesterification, the long chains of triglycerides are converted to monoesters and glycerol [10] [11] [12] [13] . Stoichiometrically, transesterification of 1 mol of triglyceride and 3 mol of alcohol produces 3 mol of fatty acid ester and 1 mol of glycerol. Diglycerides and monoglycerides are the intermediate products of the reaction process. Generally, there are two common methods for transesterification of biological source to biodiesel, one is the method using a catalyst termed as catalyzed transesterification method and the other is without the use of catalyst which is termed the supercritical fluid method.
In the catalyzed method, pretreatment is necessary for the oils with free fatty acid (FFA) levels of more than 4%. For the pretreatment process, an acid process using sulfuric acid solution can be used in order to reduce the FFA to less than 2% and only then the transesterification can be done effectively [14] [15] [16] . Also, the purification process of the soapy product formed due to use of catalyst is another problem in the catalyzed method. However, these problems are not found in the supercritical fluid method. In addition, although the supercritical fluid method requires high temperature and pressure, the supercritical fluid reaction is very fast, i.e., at least hours (reaction time only) are needed in the catalyzed method whereas the supercritical fluid method takes only a few minutes for complete reaction [17] . In this work, kinetic analysis using the non-isothermal technique has been studied to determine the kinetic parameters for the transesterification reaction of waste vegetable oil (WVO) in supercritical methanol (SCM) and supercritical ethanol (SCE). Recently, many efforts have been devoted to develop new kinetic analysis methods for the transesterification reactions of vegetable oil in supercritical fluids [18] [19] [20] . Kusgiana and Saka [21] proposed the one step model and Song et al. [11] proposed the reaction rates to be the second order model. However, these kinetic analysis methods were based on the isothermal technique. In a previous work, the authors evaluated the kinetic analysis methods for wood and polymer degradation in supercritical fluids by using the non-isothermal technique [22] [23] [24] [25] . It is well known that kinetic investigations are very important to get information for rationally designing reaction systems, but unfortunately, factors such as hard reaction conditions and difficulty of continuous operation, etc. tend to limit the kinetic study using the non-isothermal technique in the reactions in supercritical fluids. Therefore, the purpose of this work is to use the kinetic analysis method based on the non-isothermal technique for the transesterification reaction of WVO in supercritical alcohols. There is no intention in this work to describe the fundamental chemical mechanisms of the transesterification reaction of vegetable oil in supercritical alcohols or to analyze the product yields. Rather, this work is focused on the measurement of apparent kinetic parameters useful for the engineering design of chemical processes.
Experimental Section

Materials and Apparatus
Waste soybean oil containing 3.15% FFA was used as raw material in this work. The FFA content of the WVO was determined by titration with 0.1 M KOH solution using phenolphthalein as the indicator. As solvents, methanol of 99.5% purity manufactured by Ducksan Chemical Co. (Gyeongju, Korea), and ethanol of 99.9% purity produced by OCI Company Ltd. (Seoul, Korea) were used. Figure 1 shows the schematic diagram of the batch-type reactor manufactured by Parr Instrument Co. (Moline, IL, USA) with volume of 25 mL. The permissible reactor conditions are 500 °C and 55 MPa. The temperature of the reactant was measured by a K-type thermocouple, whereas the pressure inside the vessel was monitored by a digital pressure gauge. 
Procedure
The WVO was dried at a temperature of 110 °C for 24 h. The molar ratio of alcohol to soybean oil is one of the most important variables affecting the conversion yields of alkyl esters. The stoichiometry of the transesterification of soybean oil requires three molecules of alcohol to react with one molecule of soybean oil. In practice, an excess amount of alcohol is usually used to drive the reversible reaction to produce more ester. Therefore, experiments were carried out with WVO and alcohols at three different molar ratios of 1:6, 1:12 and 1:18 for both SCE and SCM at temperatures between 210 °C and 350 °C with intervals of 20 °C. At room temperature, the WVO with alcohol at definite molar ratios was charged into the autoclave reactor. The total amount of WVO and alcohols charged into the reactor was determined to ensure that supercritical pressure was reached. During the reaction, a magnetic stirrer was used for rigorous stirring at a rate of 500 rpm so as to homogeneously mix the oil and alcohol solution. It was difficult to maintain a constant heating rate. In order to solve this problem, in this experiment, the set point of the temperature controller was set to a higher temperature than the required experimental temperature. When the reaction temperature got to the required experimental condition, the heating of the vessel was immediately stopped and the vessel was cooled in an ice bath to stop the reaction instantly. The products were analyzed by gas chromatography-mass spectrometer (Agilent GC-6890 with MSD-5975 detector, California, CA, USA). The area percentage method was used to estimate the amount of alkyl esters in the product. Table 1 shows the analysis conditions of gas chromatography mass spectrometry (GC-MS) used in this work. 
Results and Discussion
Effect of Temperature, Molar Ratio and Alcohols on Conversion
The conversion of WVO to alkyl esters carried out in SCE and SCM is shown in Figure 2 . In this work, the experiments were performed at reaction temperatures of 210-350 °C and reaction pressures of 5.1-16.5 MPa and 6.2-17.5 MPa in SCE and SCM, respectively. The critical temperatures and pressures of ethanol and methanol are T c = 243.0 °C, 239.4 °C and P c = 6.4 Mpa, 8.1 MPa, respectively. Therefore, for some experiments of less than 240 °C, the transesterification reactions of WVO with alcohols took place in near critical fluids. The product yield of biodiesel in supercritical fluids was affected by reaction pressure [26] . However, it was impossible to perform kinetic experiments at constant pressure with the non-isothermal technique because the vapor pressure of alcohol increased with the reaction temperature; therefore, the effect of reaction pressure was not considered in this work.
From Figure 2 , it was found that the conversion trends in SCE and SCM were similar, and the conversion increased with temperature. Also, maximum conversions were almost 99% for both SCE and SCM. In the case of SCM, the maximum conversion was reached at 290 °C, whereas the maximum conversion in SCE was reached at 330 °C. In addition, it was shown that the conversion was increased with increased molar ratio of WVO to alcohols although the conversion differences between molar ratios of 1:6 and 1:12 can be negligible [3, 4] . Figure 3 shows the comparison of conversion in SCE and SCM with WVO and alcohols at three molar ratios of 1:6, 1:12 and 1:18, respectively. It was found from Figure 3 that the conversions in SCM were higher than those in SCE. The reactivity of triglycerides with alcohol decreases with increasing alkyl chain length of the alcohol. This might be due to the longer chain alkyl group hindering the hydroxyl group in the alcohol from reacting with the triglycerides to form fatty acid alkyl esters [12] . Hence, the SCE reaction had lower conversion compared to the SCM reaction. Hoffmann and Contadi [27] also studied the hydrogen bonds in SCE and SCM. From their work, the enthalpies of hydrogen bonding of methanol and ethanol are 12.8 kJ/mol and 16.8 kJ/mol, respectively, which shows the possibility that the transesterification reaction of WVO in SCM is easier than the reaction in SCE. 
Kinetic Analysis
Kusdiana and Saka [21] proposed a one step model for transesterification reactions in SCM as follows:
where TG, MeOH, GL and ME are triglycerides, methanol, glycerol and methyl ester, respectively. In this work, ethanol and methanol were used as solvents in the supercritical fluid reaction. Therefore, the reaction model of Equation (1) can be given as:
where AL and AE denote alcohol and alkyl ester. The reaction rate of Equation (2) can be given by Equation (3):
where TG refers to the content of WVO used in this work. In this supercritical alcohol method, three species were defined as alkyl esters, glycerol and unalkyl esterified compounds (U AE ) which include triglycerides, diglycerides, monoglycerides and unreacted FFA. Therefore, Equation (3) can be modified as [21] :
In general, the overall rate equation of reaction is expressed in the Arrhenius form as:
If the basic Equation (5) is taken and a heating rate β = dT/dt is employed, it can be shown that:
where on integrating and introducing the initial condition of U AE = 1 at T = T 0 , the following expression is obtained as:
After considering integral approximation [28] , the following equations can be obtained:
From logarithm of Equations (8) and (9), the following equations are derived, respectively:
where ( )
The plot of ( )
versus T 1 should give a straight line with the slope determining the activation energy E. While F of Equation (12) can be expressed as:
The value of F can be obtained from y-axis intercept of the plot of Equations (10) and (11). For various concentrations of alcohols at given β, the plot of this value against ln(AL) yields a straight line with slope m.
Figures 4 and 5 show the application of the kinetic analysis method proposed in this work for SCE and SCM, respectively. For SCE, the heating rates were 5.7, 4.8 and 4.5 °C/min for molar ratios of 1:6, 1:12 and 1:18, whereas heating rates of 3.2, 2.9 and 4.8 °C/min for molar ratios of 1:6, 1:12 and 1:18 were used in the case of SCM, respectively. The best fit values for each experiment were determined employing the overall reaction order values, n from 0.0 to 2.5 at interval of 0.25. From Figures 2 and 3 , it was seen that after the transesterification reaction was complete, the conversion decreased with increasing temperature. This is because decomposition reactions take place at higher temperature due to the thermal degradation [21, 29] . The kinetic analysis may be distorted by these results. Therefore, the conversion results increased with temperature were only used in the kinetic analysis of this work. The best overall fit values were obtained using the values of n = 0.75, 0.75 and 1.25 for molar ratios of 1:6, 1:12 and 1:18 in SCE, whereas in SCM the values of n = 1.75, 0.5 and 2.25 were obtained as the best fit values for molar ratios of 1:6, 1:12 and 1:18, respectively.
The kinetic parameters obtained from this work are summarized in Table 2 . The kinetic analysis method proposed in this work gave the apparent activation energies of 61.0-116.2 kJ/mol and 64.9-180.8 kJ/mol for SCE and SCM, respectively. From this work, it was found that the apparent activation energy for SCE was lower than the value for SCM. There were variations in the calculated kinetic parameters depending on the molar ratio. The overall reaction orders, m as shown in Table 2 , were found to be 31.61 and 22.42 for SCE and SCM, respectively. These values are higher than typical reaction orders, and this is likely due to a mathematical complexity and the relation between parameters in the equation. Y-axis in equation (8) The results obtained from this work for SCM and the results reported in the literature are summarized in Table 3 . As shown in Table 3 , there were tremendous variations in the calculated kinetic parameters depending upon the method used in the kinetic analysis. These observations clearly indicate the problems in the selection and utilization of analytical methods to study the transesterification reactions in supercritical fluid. The activation energy obtained from this work was higher than those from the literatures. Song et al. [11] assumed the reaction rates to correspond to a second order model with respect to both oil and methanol concentrations. In other literature the activation energies were also estimated by the zero order models for methanol concentration, and the first or zero order model with respect to vegetable oil concentration was used in the kinetic analysis. However, although the reaction order for methanol concentration in this work was higher than those of literatures, the overall reaction orders with respect to both oil and methanol concentration were estimated by the mathematical approach. To verify the effectiveness of the kinetic analysis method proposed in this work, Figure 6 shows the experimental values and the calculated values from Equations (10) and (11) by using the kinetic parameters of Table 2 . From this figure, it was seen that the calculated values agreed well with the experimental values, and the kinetic analysis method used in this work gave reliable values of the kinetic parameters for the transesterification reactions of WVO in supercritical alcohols. 
Conclusions
The kinetic analysis for the transesterification reaction of WVO was studied in supercritical alcohols. From this study, it was found that the conversion trends in SCE and SCM were similar, and the conversion increased with temperature. However, the conversions in SCM were higher than those of SCE. The kinetic analysis method used in this work gave apparent activation energies of 61.0-116.2 kJ/mol and 64.9-180.8 kJ/mol for SCE and SCM, respectively. It was also found that the apparent activation energy for SCE was lower than that for SCM. It was also seen that there were variations in the calculated kinetic parameters depending on the molar ratio. Also in this work, to verify the effectiveness of the kinetic analysis method proposed in this work, the experimental values were compared with the values calculated by using kinetic parameters obtained in this work. From the comparison of the experimental and calculated values, the kinetic analysis method proposed in this work gave reliable values of the kinetic parameters for the transesterification reactions of WVO in supercritical alcohols. 
